Photosynthetic rates of both C4-and 
Photosynthetic rates of both C4-and Crpathway plants grown at 25 C were measured before and during a period of chilling stress at 10 C, and then again at 25 C Agronomists (6, 26) have emphasized that maize varieties suitable for cool temperate climates not only should survive low temperatures but should be able to grow at low temperatures during the early part of the growing season. It is well documented (7, 10) that photosynthesis of maize and other tropical grasses is very low at temperatures below 15 C and that chilling temperatures will cause visible lesions on the leaves of these plants (22) ; yet we are still unsure of the primary sites of temperature sensitivity.
Papers in this series will attempt to (a) define the primary sites of low temperature inhibition of photosynthesis in the C4-pathway (9) Growing Conditions. Seed of all varieties was germinated in a glasshouse, and seedlings were subsequently repotted into 4: 1 pumice-peat. Young plants were transferred to controlled environment cabinets 10 to 14 days prior to use and were fed adequate Hoagland's nutrient solution. Light in the cabinets (170 w*m', 400-700 nm) was supplied by a mixture of mercury vapor lamps (Philips HPLR, 2800 w total), tungsten filament lamps (Mazda reflector floods, 450 w total), and blue fluorescent tubes (Philips type 126221, 450 w total) passing through a 2-cm deep flowing water screen. Photoperiod was 12 hr with ambient CO. and uncontrolled humidity.
Photosynthetic Rates. Photosynthetic rates of single attached leaves were measured by 1'CO2 depletion from a closed system.
Leaves were clamped in a half-liter Perspex chamber between soft rubber seals, and the internal CO(2 concentration was raised by 6 pt/liter with the addition of 1"CO.2 (50 mc/mmole). Photosynthetic rates at 170 w-m-2 (400-700 nm) were determined from the slope of a tangent to the 1"CO2 depletion curve at 300 p4/liter CO, and expressed on a dry weight basis. Leaf temperature measured by abaxially attached thermocouples was regulated to ±0.5 C. The rest of the plant was also maintained at the desired temperature (± 1 C) by placing the Perspex chamber and plant in a controlled environment chamber.
Whole plant photosynthetic rates were measured in both open and closed type IR gas analysis systems and based on leaf dry weight corrected for each day from measured total C(0 fluxes into the leaves. Shoots and roots were sealed into separate compartments of the plant chamber using silicon rubber sealant. Leaf temperature measured as above was maintained at +0.5 C of the desired temperature and took 26 min to adjust from 25 C to 10 C. Root temperature took approximately 4.5 hr to reach 10 to 11 C. Main illumination was provided by Sylvania Metalarc or Philips HPLR mercury vapor lamps with small tungsten filament supplementaries. Light was passed through a 2-cm flowing water screen below the lamps to remove most infrared radiation and through neutral density screens to achieve the required intensity. In the open system, humidity was uncontrolled and CO, was close to ambient levels. Humidity was controlled in the closed system with CO(2 maintained at 300 pl/liter.
Relative Leaf Water Content. Relative water contents of leaves were determined before and during stress according to Barrs and Weatherley (3) . Groups of discs (1.3 cm) from youngest-mature leaves were floated on water (15 Figure 2 where single leaves of uniform age were used. If Sorghum leaves are returned to 25 C after 1.5 days at 10 C (170 w m'), their photosynthetic rate reaches only half its original level during the remaining 6 hr of that photoperiod and during the next photoperiod shows a marked decrease, apparently through some latent stress sensitization. Sorghum leaves after 2.5 days of stress were virtually inactive on return to 25 C and appeared faintly white on the upper surface. After the same period of chilling, maize leaves regained approximately one-third of their original rate, while Paspalum leaves recovered to more than two-thirds their original rate.
An examination was also made of the effect of leaf age on the extent of photosynthetic recovery. In all three tropical grass species it was found that second-mature leaves recovered to roughly twice the extent of half-expanded leaves.
Time of Day and Extent of Photosynthetic Drop. In previous work, temperatures were lowered from 25 C to 10 C at the start of a photoperiod. Results shown in Table II demonstrate that photosynthesis of tropical grasses is not reduced to the same extent when they are transferred from 25 C to 10 C toward the middle of a photoperiod as when the temperature reduction occurs at the start of a photoperiod. Photosynthetic rates were very low immediately after a temperature drop at the start of a photoperiod but recovered slowly to a maximum after 2 to 3 hr in the light. Percentages shown in Table II were calculated, therefore, from photosynthetic rates measured 3 hr after the temperature reduction.
Influence of Light Intensity. The marked dependence of leaf damage on light intensity was seen clearly in cabinet expenments where light came predominantly from one direction and leaf movement was minimal. Areas of Sorghum leaves bent away approximately 40°from the horizontal appeared un- Photosynthetic rates of some C4-pathway tropical grasses were determined before and after a temperature drop from 25 to 10 C. Measurements were made at 170 w m-2 and expressed as in Table  I . Temperatures were lowered at the start or the middle of a photoperiod, and rates were determined 3 hr after the temperature drop. Relative humidity was maintained at 70%0. Data Table III demonstrates this effect more quantitatively. At 215 w*m-Sorghum plants were essentially dead after 2 days at 10 C; at 170 w m' damage was very pronounced after 3 days at 10 C and recovery was almost negligible at 25 C; while at 50 w * m2 damage was only slight and the plant was virtually back to normal after 1 day at 25 C. The total energies of visible light obtained at intensities of 215, 170, and 50 w*m' over 12-hr photoperiods are roughly equivalent to those on a sunny day, light cloudy day, and dull overcast day, respectively.
Root Temperature and Leaf Temperature. The light porous potting mixture used in this work allows root temperatures to reach 10 to 11 C within 4.5 hr of the drop in chamber temperature, and so both leaf and root temperatures were essentially at 10 C for the total stress period. Lowering root temperature only or leaf temperature only had proportionately different effects on photosynthesis of Sorghum and soybean (Table IV) .
Keeping the temperature of Sorghum roots at 25 C allowed Plant Physiol. Vol. 47, 1971 leaf photosynthesis at 10 C to drop at least as rapidly as when roots also were lowered to 10 C. Lowering the root temperature only reduced photosynthesis just 26% during the 1st day of stress, though photosynthesis does fall further during prolonged root chilling. Lowering only leaf temperature of soybean has a reasonably rapid and pronounced effect on leaf photosynthesis, although not as great as the combined effects of lowered root and leaf temperature. These observations could mean that lowered root temperatures cause water stress in the leaves of soybean more rapidly than in Sorghum.
The relative water content of soybean leaves (Table V) was low even before chilling and fell further during initial stages of stress, while that of the tropical grasses was significantly higher than that of soybean before stress and generally rose slightly when the temperature was lowered.
Acclimation to Stress. Attempts were made to acclimate Sorghum to tolerate low temperature, high light stress. Plants were placed at 17 C for varying lengths of time under different light intensities. Some typical results are shown in Table VI . Photosynthetic rates on return to 25 C for 1 day were markedly different following the various acclimation treatments. Lowered chlorophyll content of the leaves and longer periods at 17 C both correlated with reduction in these rates. Lowered chlorophyll content in the leaves also appeared to protect plants somewhat from more pronounced stress as evidenced by their higher photosynthetic recovery.
Although these general patterns seem reasonably concise, many parts of the plant probably respond differently from one another. Tissue formed prior to acclimation retained its chlorophyll during acclimation, while that formed (18) during acclimation had increasingly lower levels of chlorophyll. This caused marked gradients in pigmentation to arise along developing leaves. Small areas of individual leaves may need to be used to get more precise data on the effects of acclimation, but interactions with the whole plant may still be difficult to unravel.
Chloroplast Pigments during Stress. Effects of low temperature, high light stress on the level of chloroplastic pigments were investigated in youngest-mature leaves of several tropical grasses. Pigment changes seen in Sorghum leaves (Fig. 3) were similar, though more marked, than those seen in other species. Chlorophyll levels were essentially unaltered by 2. (Table V) to levels documented as reducing photosynthesis (23) . Sorghum responded somewhat differently. Lowering only leaf temperatures had the same effect as lowering both leaf and root temperatures. Slower reductions in photosynthesis which develop when the roots are chilled may be caused by reduced cation uptake (27) . A rapid transient drop in the water content of maize leaves caused by lowering the roots only, to 5 C, has been reported using ,Bgauge techniques (16) , but no similar effect was detected using the leaf disc assay when the temperature of whole plants (roots, shoots, and leaves) of maize or any other tropical grass was reduced to IO C.
When some plants are exposed to chilling temperatures, light causes a time-dependent destruction of the photosynthetic apparatus (Table III) . Solarization (12) , a term coined for the damaging effects of very high light intensities on starch production in the leaves of many plants; high light, low temperature inhibitions of algal growth (24) ; and the photoinactivation of isolated chloroplasts (13, 14) may be phenomena related to effects described in this paper. Reducing photosynthesis by lowering the temperature puts little increased heat-dissipating load on the chloroplast, since 75 to 85% of visible light absorbed by the chloroplastic pigments is lost as heat under even optimal photosynthetic conditions, yet this light under these chilling conditions causes a rapid change in the ultrastructure of mature chloroplasts (25) . The effect of these ultrastructural changes on the photosynthetic capacity of leaves seen on returning leaves to 25 C are profound (Fig. 2) . The maximal recovered rate after stress may not even stay constant, and Sorghum especially shows a pronounced latent stress sensitization. Another complication when using whole plants is that none of the leaves is horizontal over its entire length so that marked gradients in light interception and hence photo- (Table III) . Photosynthesis at 50 w *m'2 still declines over the 3 days at 10 C, but this cannot be due to permanent photosynthetic disruption. An apparently related effect of light intensity on chilling damage has been noted by Amin (1) , who chilled cotton plants under constant conditions (72 hr at 3 C; 200 ft-c) and subsequently found an effect of light intensity on expression of the damage.
Changes in the level of chlorophylls a and b were not detected in leaves of Sorghum (Fig. 3) or other tropical grasses, until some permanent photosynthetic damage had occurred, although these assays would not detect possible changes in low levels of other forms of chlorophyll (5). Similar observations have been made using Chlorella vulgaris (19) held under high light intensities, and in isolated chloroplasts (13, 14) (15, 19) with xanthophyll oxidations having a protective function (17 (20) .
Interesting features demonstrated in this work have been (a) the rapidity with which permanent photosynthetic damage occurs during simulated short periods of chilling temperatures; (b) the crucial involvement of light within intensity ranges commonly experienced in the field; (c) marked differences in tolerance to chilling stress shown by some species of both C,-and C3-pathway species; and (d) basically similar patterns of photosynthetic disruption in chilling-sensitive species of both C4-and C.-pathway plants. These findings also demonstrate the care required in the experimental control of temperature, light, and time in selection programs for chilling tolerance.
